Recent evidence suggests that mechanical deformation of the cell nucleus regulates the nuclear import of the transcriptional activators of genes involved in primary physiological cell responses such as stem cell differentiation. In addition, this nuclear mechanosensing response is de-regulated in pathological states, such as cancer and neurodegeneration. One hypothesis that could greatly advance the field is that the deformation of the nuclear envelope activates nuclear pore complexes through a direct mechanical link. The understanding of this possible mechanism for nuclear pore complex stretch-activation entails studying the mechanical connection of this complex to the nuclear envelope at the nanoscale. The nanomechanics of the nuclear pore complex is thus emerging as a novel research field, bridging nanoscience with nanotechnology. This review examines the frontier of research methodologies that are potentially useful for building a computational model of this interaction. This includes, for example, electron tomography to assess the geometrical features of the nuclear pore complex and nanoindentation to estimate its mechanical properties and that of the nuclear envelope. In order to summarize the state-of-the-art and perspectives in the field of NPC nanomechanics, this review covers highly interdisciplinary experimental and theoretical research methodologies pertaining to the fields of physics, chemistry, biology, materials and mechanics.
Insight, innovation, integration
We explore the literature supporting the hypothesis of a relation between transport through the nuclear pore complex (NPC) and mechanical forces that it experiences from the surroundings, providing insights into a possible mechanism of NPC stretch-activation. The frontier technology for nuclear pore complex characterization together with computational simulations would be a powerful tool to interpret research into a possible mechanism of nuclear pore stretch activation. We demonstrate integration of technology and biology regarding: (1) characterization techniques for the nanostructure of the NPC and the assembly of the nuclear envelope/lamina/NPC; (2) techniques to obtain the pore architecture and boundary conditions for numerical analysis; and (3) modelling techniques of the relationship between nucleocytoplasmic transport and the mechanical forces transmitted on the NPC.
Cell responses are based on biochemical signals, which enable structural internal changes such as cytoskeletal remodeling, contraction and stretching. The cell's ability to feel external stimuli and transform them into internal chemical reactions is known as mechanosensing and mechanotransduction, respectively. [1] [2] [3] [4] A recently published review 5 provides a highly detailed history of scientific publications regarding the mechanical interaction of cells with their microenvironment under physiological conditions, mostly from an experimental/microstructural point of view. However, the work also reports on efforts linking the observed microstructural aspects of the cell with computational models to describe cell behavior. [6] [7] [8] [9] Similarly to the physiological case, the appearance of cellular pathological processes and diseases [10] [11] [12] can also be linked to external stimuli when they have a negative impact on cell functions. 13 In eukaryotic cells, nuclear pore complexes (NPCs) are the gates through which molecular exchange and genetic transport between the cytoplasm and the nucleus take place (Fig. 1) . The NPC literally pierces the nuclear envelope (NE) of the nucleus allowing the exchange of molecules between the nucleus and the cytoplasm. The exchange of molecules and genetic information through the nuclear envelope, and how this affects cell differentiation, adaptability, and also disease, depend on how this trafficking takes place through the NPC. Both chemical and mechanical factors are involved in cell motility and remodeling, and such responses are led by the response of the NPC in regulating the transport of signaling molecules between the nucleus and the cytoplasm. The question as to how the NPC guides this molecular exchange is still unanswered. However, over the last few years researchers have made major breakthroughs in the fields of nanoscale imaging and mechanical characterization in terms of understanding the main geometrical and structural features of the NPC. On the other hand, the mechanical behavior of the NPC and the mechanisms by which this behavior can affect nucleocytoplasmic transport remain poorly understood. The new frontier techniques available today, in both experimental and computational fields, are potentially useful for building a computational model of the mechanical behavior of the NPC in response to nuclear envelope stretching. [14] [15] [16] This review aims to highlight these advances and their potential application in order to unveil the nanomechanics of the NPC.
The review is organized as follows. In Section 1, ''Geometry and structure of the nuclear pore complex'', we focus on the current knowledge of the NPC architecture and geometry, and the most advanced imaging techniques used for accurately describing these features. Section 2, entitled ''Chemo-mechanics of the nuclear pore complex'', describes the multiscale and multiphysics nature of the relationship between cell deformation and nucleocytoplasmic transport. Section 3, ''Mechanical properties of the nuclear pore complex: modeling at multiple scales, from coarse-grained to atomistic scales'', describes the main efforts concentrated on characterizing the material properties of the NE-NPC assembly, the recent contributions to understanding the mechanical behavior of the NPC, and its role in the regulation of the molecular exchange through the NPC. At the end of Section 3 there is a summary of the main advances in the computer simulation of NPC mechanics. Section 4, ''Conclusions and perspectives'', provides our concluding remarks and perspectives for studying the dependence of the NPC on mechanical stimuli, with an emphasis on the role that computational modeling will play in this regard.
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Alberto García obtained his degree in Industrial Engineering (Mechanics) from the ''Universidad de Oviedo'' (Spain) and his PhD (European Mention) in Computational Mechanics (bioengineering) from the ''Universidad de Zaragoza'' (Spain). After working as a mechanical designer and as an analyst (freelance), he started as a postdoctoral researcher at ''Dublin City University'' (Ireland) in biomechanics and medical imaging (MRI and DTI). In 2015 he became a senior researcher at the Laboratory of Biological Structure Mechanics (LaBS) of the ''Politecnico di Milano'', focusing his research on the nuclear pore complex. Recently he moved to the ''Universitat Politècnica de Catalunya'' as a lecturer and member of the Lacàn Group. electron microscope (EM) and with an NPC diameter average of 100 nm and an inner-to-outer membrane separation between 20 and 30 nm. The molecular structure of the NPC and how this influences nucleocytoplasmic transport is a very active field of research. Nucleoporins that build the structure of the pores also participate in NPC activity in different ways depending above all on their location within the NPC structure. In this regard, important progress has been recently made in understanding the composite structure and functionality of the NPCs. [18] [19] [20] These studies demonstrate similarities in the higher-order structure of the inner and outer rings of the NPC, 20 but also show that the structure of the molecular machines within the NPC can undergo compositional arrangements as a function of cell types. 18 A more recent study has performed a reconstruction of the composite structure for the entire NPC symmetric core using combined bottom-up and top-down approaches. [21] [22] [23] The results of this study show a high degree of symmetry in the NPC structure, which provides the basis to explain how a limited vocabulary of proteins can generate such a large macromolecular structure. The thickness of a single NPC has been demonstrated to be less than 180 nm along its maximum length (perpendicular to the NE [24] [25] [26] ). Therefore, visualization techniques at the nanoscale resolution are required in order to study how the structures of the nucleoporins and the NPC change under the effect of external chemomechanical factors.
Advances in imaging techniques have now made it possible to visualize the NPC structure at the nanoscale, in addition to providing important insights into nucleocytoplasmic transport. Recent studies have reported similar dimensions of the NPC structure, with a maximum external diameter of the nucleoporin-NE connector of 125 nm for the Dictyostelium discoideum nuclei, and 114 nm for the hNPC (human nuclear pore complex), respectively. 24, 27 These results are consistent with other studies. 25 New imaging techniques and image acquisition protocols are constantly being developed in order to improve the accuracy of the image, thus leading to better characterization of the NPC structure, and nucleocytoplasmic cargo transport. In the reviews in ref. 28 electron microscopy (FE-SEM), a variety of electron microscopy, was used in ref. 32 to study the overall structure of NPCs, and they were able to identify its main parts. Transmission electron microscopy (TEM) along with cryogenic samples (cryo-electron microscopy and tomography, Cryo-ET) has become a very useful tool to obtain ultra highresolution images of the general structure of NPCs in their almost native environment. Using this technique, 33 the authors showed electron micrographs of Xenopus NPCs with which it was possible to create a 3D reconstruction of the NPCs. Their results were very similar to the 3D reconstructions obtained using Cryo-ET enhanced with advanced image processing techniques. 34 In this regard, 34 the authors describe the NPC structure of Dictyostelium discoideum during cargo (labeled with gold nanoparticles) translocation along the channel. Cryo-ET has also been key in identifying different nucleoporins and structural arrangements of the NPCs in different states and cells. 25, 27, 35, 36 The advent of super-resolution fluorescence microscopy techniques such as direct stochastic optical reconstruction microscopy (dSTORM) has enabled the position of proteins of nuclear complexes in an isolated nucleus to be mapped. A combined SEM and dSTORM study was used to generate a super-resolution protein map of the NPCs in a Xenopus laevis oocyte NE. 37 In addition, the work in ref. 38 shows an analysis of the structure of the nuclear pore complex scaffold by the use of stochastic super-resolution microscopy in combination with single-particle averaging. In addition to the image-based structural analysis techniques used for the study and visualization of pore complexes, single molecule fluorescence microscopy can be used to perform in vivo studies of the nucleocytoplasmic transport of cargos and smaller molecules by passive diffusion through a single pore.
39-41
The modern visualization techniques and imaging protocols detailed above provide insights into the molecular structure of the NPCs. As previously mentioned, the NPC (Fig. 2) is a multiprotein structure embedded in the NE that connects the outer nuclear membrane with the inner nuclear membrane. It is mainly made up of three coaxial 8-fold rotational symmetric rings assembled together, 24, 25, 33, 42 see Fig. 1c for an axial view of the cytoplasmic side, and Fig. 2a and b for 3D illustrations of the NPC from the cytoplasmic and nucleoplasmic sides, respectively. This 8-fold rotational symmetry can present, in some cases, 9 or 10-fold variations which lead to changes in the dimensions of the NPC central channel and in NPC structural dimensions. 43 Such modifications could be caused by local NE inhomogeneity as suggested in ref. 37 . The three main rings of the NPC (see Fig. 2 ) are differentiated by their spatial location: (i) the spoke ring, (ii) the cytoplasmic ring, and (iii) the nuclear ring. The spoke ring serves as the junction/scaffold between the outer nuclear membrane and the inner nuclear membrane. Initial insights into the connection between the NE and the NPC are provided in ref. 33 and 35 . A more recent work developed at the molecular resolution showed a more detailed nucleoporin connection between the NPC and the NE. 27, 44 The cytoplasmic ring, which is located on the cytoplasm side of the NPC, is connected directly to the spoke ring and also weakly connected to the outer nuclear membrane. The cytoplasmic ring works as the initial filter of the NPC for molecules and cargos with the help of the cytoplasmic filaments that serve as cargo receptors. The nuclear ring is submerged in the nucleoplasm and is directly connected with the spoke ring as in the case of the cytoplasmic ring. A specific structure of filaments of 10 nm diameter, known as the nuclear basket, grows from the nuclear ring and ends in a smaller ring called the distal ring. 32 . These studies provide a thorough overview of the molecular arrangements of the most important Nups according to their main tasks, both structural and translocational. In particular, the review in ref. 47 gives a very detailed description of the NPC structure from the macro to the atomic level. Differences in the structure and diameter of the transport channels are also reported in ref. 26 . In this study, the authors show an ultra high-resolution 3D reconstruction of the X. laevis oocytes NPC with strong differences in the nucleoporin arrangement and structure due to transcription inhibition induction. In their work, X. laevis oocytes were treated with Actinomycin D leading above all to changes in the central channel ring (the internal part of the spoke ring) and the nuclear ring. These changes caused modifications in both the central channel diameter and the secondary channels, which the authors demonstrated to be around the central channel ring, and of a smaller diameter. There are thus still a number of unanswered questions regarding the NPC. For instance, the role of the central plug/transporter 24 was highly unclear until 3D reconstructed Cryo-Electron Tomography (Cryo-ET) images demonstrated that the central plug/transporter is related to cargo translocation instead of a proper structural part belonging to the NPC spoke ring. 34 2 Chemo-mechanics of the nuclear pore complex
The NE separates the cytoplasmic and nucleoplasmic environments and acts as the selective permeable membrane in the exchange of nanoconstituents and genetic information. 53 Thus, the NE is of vital importance since such exchange selectivity regulates cell chemo-mechanical responses, adaptability, and transformations according to its particular cell function as part of a complex multicellular organism. Deformation of the plasma membrane of the eukaryotic cell, caused by cell contraction when interacting with the extracellular matrix, induces large deformations in the cell cytoskeleton (Fig. 1a) , and the nuclear lamina to which the cytoskeleton is connected. This then deforms the bilayered nuclear envelope, connected to the nuclear lamina from the nuclear side. 54, 55 The layer of the nucleus in contact with the cytoplasm is known as the outer nuclear membrane, whereas the layer on the nuclear side is known as the inner nuclear membrane (Fig. 2a) . This deformation mechanism suggests that the NE is subjected to large deformations due to external factors. 56, 57 Two recent studies have shown that the large nuclear deformation induced during migration may lead to a rupture of the nuclear envelope that provokes nucleocytoplasmic leakage and subsequent DNA damage leading to cell death. 58, 59 This perviousness of the NE is possible thanks to the presence of nanopores, called nuclear pore complexes (NPCs), distributed along the NE, which are responsible for selecting which molecules and cargos are allowed to pass through the NE 60 ( Fig. 1b and c) . These NPCs (Fig. 1c and 2 ) 28, 41, 46 are made up of a large number of proteins called nucleoporins 45 (Fig. 2d) .
These nucleoporins form a structure that acts as: (i) a mechanical scaffold between the inner and outer nuclear membranes of the NE by joining both of them 34, 61 and (ii) a selective filter for the import-export transport of molecules between the nucleus and the cytoplasm. 40 This transport is dependent on the size of the molecules to be exchanged through the NPC. The transport of small molecules normally occurs via passive diffusion, whereas larger molecules are actively transported cargos. 39, 62 The molecular exchange between the nucleus and cytoplasm, and the role of the NPC in nucleocytoplasmic transport, has gained considerable attention in the last decade. Along the NPC, there are two different types of channels where the molecular exchange takes place, see Fig. 2e : (i) the main central channel controlled by phenylalanine-glycine repeats nucleoporins (Fig. 2c) that ''hook'' both small molecules and cargos, 34 and serves as the main permeability barrier, and (ii) a group of secondary channels around the central channel. The role of the permeability barrier played by the nucleoporins has been demonstrated in a number of recently published works. 28, 40, 50, 60, 63 In this regard, the reviews in ref. 64 Consequently, it seems that cell adaptability, structural changes and thus normal and abnormal cell functionality are dependent on both internal and external chemical reactions as well as mechanical factors. Therefore, the cell response is highly dependent on the reaction of the NE and the NPC to these chemomechanical stimuli and how that affects the nucleocytoplasmic exchange of solutes.
3 Mechanical properties of the nuclear pore complex: modeling at multiple scales, from coarse-grained to atomistic scales NPCs are multi-protein assemblies (linked together with the NE and nuclear fibrous lamina) which work as a selective barrier between the nucleus and the cytoplasm. Thus, as a structural assembly, it seems reasonable to hypothesize that the deformation of the NE due to mechanosensing could affect the structure of the NPC and therefore induce translocation of molecules. 69 It is known that the NE is deformed due to cell response to external stimuli, i.e. forces corresponding to the instant when mechanotransduction takes place. 70 Over the last two decades, there have been several breakthroughs in understanding the influence of chemical factors on the nucleocytoplasmic transport of molecules regulated by NPCs. 21, 26, 33, 34, 42, 44 However, the influence of mechanical factors on this molecular exchange through the nuclear membrane is still a frontier field. 14, 15, 71 Mechanical testing has been demonstrated to be very useful for quantitative estimations of the nanomechanical properties of the pore and translocation information within the central channel as revealed in ref. 14. In this study, nanoscale stiffness topography analysis of the cytoplasmic side of the NPCs was performed using AFM nanoindentation, thus providing an estimate of the density of the NPC in the NE. For example, Fig. 3b , taken from the author's publication and corresponding to their Fig. 1 , shows an image of the AFM results, from the cytoplasmic side, of an isolated nuclear envelope, the average force data measured and the stiffness calculated in the order of [pN nm
À1
]. The study of the NPC mechanical/structural response also requires knowledge of its interaction with the NE/lamina assembly. In contrast to the many studies performed on the structure of NPCs and the biochemical signaling associated with NPC translocation, only a few studies have looked into the morphological changes of NPCs induced by the deformation of the NE/lamina assembly. The NE is considered to have a viscous fluid-like behavior. However, the NPCs are physically attached to the NE and the lamina network, which is directly connected to the cytoskeleton. Therefore, the stretching of the lamina by the cytoskeleton induces a deformation of the NE. In other words, the lamina gives solid-elastic material properties to the whole bilayer envelope assembly, as suggested in ref. 72 , where the authors developed an AFM system to carry out force measurements through indentation on HeLa cells, in order to quantify the elastic modulus of the NE-lamina assembly.
The estimated values were in the order of a few kilopascals to 10 KPa (as the authors mention), and lower values for the elastic modulus in the experiments carried out in the areas over the nucleus were found, and higher values in the peripherical areas of the cells. Aspiration experiments of the NE-NPC-lamina macrostructure 73, 74 suggested the existence of a mechanical coherence between the lamina network and the NPC nucleoporins at the nuclear ring level, and the solid-shear force resistance of the whole NE complex assembly. It has been suggested that the mechanical response of the NPC affects the diffusion of cargos and smaller molecules through the NPC, 71 and in particular that NPC stiffness and deformation can affect this process. 15, 75 However, this hypothesis is still under debate among the scientific community. The review in ref. 47 presents the state of the art regarding in silico studies of phenyl-glycine nucleoporins serving as the selective barrier of the NPC. In a series of papers, Moussavi-Baygi et al. 71, 76 developed a numerical model to examine the mechanism of nucleocytoplasmic exchange. They proposed a coarse-grained model where the chemo-mechanical interactions at the atomicscale are homogenized to the macromolecular scale to mimic the cargo transport interaction with phenyl-glycine nucleoporins. The models were validated against experimental data. Fig. 3c shows one of the images resulting from their work, The energetic efficiency and stability of nucleocytoplasmic transport and NPC motion have also been analysed using static, modal, and transient analysis simulations, carried out on the 8-fold rotational symmetry of the NPC. 15 The results suggest that this 8-fold distribution symmetry maximizes the bending stiffness of each fold, which is desirable for the normal functioning of the pore as the authors mention. Modal analysis simulations are useful when searching for more mechanically favorable modes of the deformation of complex protein structures, which have direct implications on selective cargo translocation. (Fig. 3a) . In their analysis, the whole nucleus is deformed and assumed as a permeable material in order to calculate the diffusive flux as a function of nuclear deformation. The results reinforce the hypothesis that under higher levels of strain of the nucleus, there is an increase in the flux of solutes through the NE, likely contributing to the nuclear import of mechanobiological transcription factors involved in stem cell differentiation.
Conclusions and perspectives
In this review we have briefly summarized the main aspects which, from a mechanistic perspective, play a significant role in the behavior and functioning of the NPC. We have described how the NPC is a highly complex macromolecular structure, which plays a vital role in regulating the nucleocytoplasmic exchange of constituents at the nanoscale and in gene expression. We have also described how many different studies have focused on analyzing NPC behavior, with strong insights and breakthroughs from a biochemical point of view. 47, 50 Finally, we have described how the mechanical modeling and simulation of NPC behaviour, which depends on nuclear stretching, is a highly challenging field which remains essentially unexplored. From a mechanobiological point of view, this is due to the highly complex nanostructure of the NPCs and the microstructural assembly of the NE-lamina-NPC. Another reason is that frontier techniques and protocols are needed to obtain experimental measurements and the quasi-realistic boundary conditions at the nanoscale that can be fed into a numerical analysis.
Today, the advent of novel ultra-high resolution imaging techniques, in addition to the continuous growth of computational power that permits the implementation of sophisticated visualization algorithms and complex numerical simulations of molecular/macromolecular structures, open the door to a whole new world of possibilities and questions. For example, how the mechanical strains that are transmitted to the NPC regulate pore activation, and thus the translocation of molecules? Several studies have started to look into these mechanisms, 15, 79 however there is still a long way to go before gaining a full understanding of this complex correlation. The mechanics of the NPC and its specific response to the deformation of the NE, due to the cell's mechanosensitive loop, may be key to understanding a plethora of vital processes such as cell remodeling, proliferation, mechanotransduction and cell adaptation. In addition, modeling the mechanical behavior of the NE and its failure mechanisms will help to explain the process of nuclear envelope rupture and repair during cell migration in highly confined spaces and depletion of nuclear lamins, a key mechanism behind cancer metastasis. 58, 59 Numerical modeling and computational simulations of the NPC structure will play a crucial role in understanding the behavior of cell mechanosensing and mechanotransduction in the future. However, current numerical techniques require a significantly large number of assumptions and simplifications in order to achieve physically significant results. In this regard, viscous fluid-solid interaction methods, highly nonlinear material behavior of the different components, and complex boundary conditions need to be formulated and applied. Furthermore, numerical models need to satisfy a number of requirements in terms of geometry, mechanical properties and boundary conditions, according to experimental observations in order to validate them, and to demonstrate the importance and viability of the in silico modeling of the NPCs. Such biomimetic environments provide a close to in vivo mimicking of the nuclear deformations. These experimental studies lead the way towards a first approximation of the appropriate boundary conditions that should be used in simulations of the NPC-NE.
In addition, the use of very innovative numerical methods, such as particle-based methods, 83 makes it possible to simulate the interaction of fluids/solids with different properties. This is possible by the discretization of the model as small moving particles and calculating their interaction based on the physical rules described by the user. An extensive review on the application of this technique in cells for tissue mechanics problems has recently been published. 84 A multiscale finite element approach driven by the surface tension of fluids is presented in ref. 85 . Here the authors show a Eulerian-Lagrangian finite element method based on a surface tension approach. This makes it possible to simulate the highly nonlinear deformation and merging of meshes as the authors show with an example of a water drop with different viscosities. Furthermore, the immersed finite element method that allows modeling of solidfluid interactions is an attractive choice for the simulation of cell mechanics. 86 Thin shell dynamic re-meshing models and textile-like mechanical behavior have also been presented for modeling highly nonlinear deformable structures. [87] [88] [89] The authors present simulations of thin shells with different material properties such as textiles, plastics or metal under several stress conditions such as fractures or crumpling. Also, physics-based numerical computational algorithms that allow the recreation of the high deformations of solids, and non-linear material properties, are worth considering when highly complex interactions require realistic simulations. 90 In the context of a NPC stretchactivation model, these methods could be used to better predict the interactions and responses of highly nonlinear materials and multiphase models, as in the case of a viscous-fluid material behavior of the nuclear envelope in interaction with stiffer and complex structures such as the nuclear pores in addition to a fibred anisotropic material like the lamina. Despite the fact that these frontier modeling techniques are normally applied in very different fields of mechanobiology, all of them are based on well-established physical, mechanical and thermodynamic laws. Thus they have great potential for the prediction of NPC mechanics, responses, fluxes and the nucleocytoplasmic exchange of nanoconstituents.
